A 190-kDa centrosomal protein interacts with microtubules when Drosophila embryo extracts are passed over microtubule-affinity columns. We have obtained a partial cDNA clone that encodes this protein. Using a fusion protein produced from the clone, we have developed a novel immunoaffinity chromatography procedure that allows both the 190-kDa protein and a complex of proteins that associates with it to be isolated in a single step. For this procedure, the fusion protein is used as an antigen to prepare rabbit polyclonal antibodies, and those antibodies that recognize the 190-kDa protein with low affinity are selectively purified on a column containing immobilized antigen. These low-affinity antibodies are then used to construct an immunoaffinity column. When Drosophila embryo extracts are passed over this column, the 190-kDa protein is quantitatively retained and can be eluted in nearly pure form under nondenaturing conditions with 1.5 M MgCl2, pH 7.6. The immunoaffinity column is washed with 1.0 M KCl just before the elution with 1.5 M MgCl2. This wash elutes 10 major proteins, as well as a number of minor ones. We present evidence that these KCl-eluted proteins represent additional centrosomal components that interact with the 190-kDa protein to form a multiprotein complex within the cell.
INTRODUCTION
The centrosome is thought to play a central role in a variety of cellular events, including cell division, chromosome segregation, directed cell movements, and the overall organization of the cytoplasm (for reviews, see Brinkley, 1985; Karsenti and Maro, 1986; Vorobjev and Nadezhdina, 1987) . Yet difficult, not only because centrosomes are present in small quantities but also because we lack good assays to aid in the purification of centrosomal proteins. Genetic approaches to understanding the centrosome have also gone slowly, perhaps because it is difficult to predict the phenotypes of mutations in centrosomal proteins.
In a recent study, we used a combination of microtubule-affinity chromatography and immunocytology to identify Drosophila microtubule-associated proteins (MAPs)1 that are components of the centrosome (Kellogg et al., 1989) . One of the antibodies described in this 1 Abbreviations used: EGTA, ethylene glycol-bis(fl-aminoethyl ether)-N,N,N',N'-tetraacetic acid; GST, glutathione S-transferase; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; MAP, microtubule-associated protein; PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; TBS, Tris-buffered saline; Tris, tris(hydroxymethyl)-aminomethane. study recognized a 190-kDa centrosomal protein (initially designated as S1-4). Until more is known about the function of this protein, we have chosen to call it DMAP 190, indicating that it is a 190-kDa microtubuleassociated protein from Drosophila melanogaster. In the present report, we describe the cloning of a partial cDNA for DMAP 190. Starting with this clone, we have developed a procedure for immunoaffinity chromatography that has allowed us to purify native DMAP 190 and its associated proteins from Drosophila embryo extracts.
Immunoaffinity chromatography has not been generally useful for the purification of proteins in their native state, because the relatively harsh conditions required for the dissociation of antigens from antibodies will cause denaturation of most proteins. In some cases, however, it has been possible to obtain monoclonal antibodies that bind to their antigens with low affinity. The antigens may be dissociated from these low-affinity antibodies under relatively mild conditions, thus preserving their native function. Immunoaffinity columns constructed with such low-affinity monoclonal antibodies have been very effective in the purification of proteins (Chang et al., 1984; Simanis and Lane, 1985; Chang and Bollum, 1986; Reyland and Loeb, 1987; Ishimi et al., 1988) .
We reasoned that similar low-affinity antibodies should exist in a typical polyclonal serum, and we designed a procedure that selects such antibodies. We report here the isolation of low-affinity polyclonal antibodies that recognize DMAP 190 and the use of these antibodies to construct an immunoaffinity chromatography column. Fractionation of Drosophila embryo extracts on this column allows convenient single-step purification of DMAP 190, as well as the purification of additional centrosomal proteins that appear to interact with DMAP 190 to form a multiprotein complex within the cell.
MATERIALS AND METHODS

Materials
Glycerol was spectrophotometric grade from Eastman Kodak (Rochester, NY). Affigel 10 was from Bio-Rad (Richmond, CA). Dimethylpimelimidate was from Sigma (St. Louis, MO). Protein A-Sepharose CL-4B and bovine serum albumin (Fraction V) were from Sigma. All other materials were as described in Kellogg et al. (1989) .
Buffers
Extract buffer contained 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), pH 7.6, 50 mM KCl, 1.0 mM Na3 ethylene glycol-bis(Q-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 1.0 mM Na3EDTA, 0.05% NP-40. Protease inhibitor stock contained 1 mM benzamidine-HCl, 0.1 mg/ml phenanthroline, 1 mg/ ml each of aprotinin, leupeptin, and pepstatin A (this stock is used at dilutions of 1:100-1:1000, as noted). Column buffer contained 50 mM HEPES, pH 7.6,50 mM KCl, 1.0 mM Na3EGTA, 1.0 mM MgCl2, 10% glycerol. Tris(hydroxymethyl)aminomethane (Tris)-buffered saline (TBS) contained 20 mM Tris-HCl, pH 7.5, 0.5 M NaCl. Phosphatebuffered saline (PBS) contained 140 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2, 138 mM NaCl, 2.7 mM KCl. Polyacrylamide gel sample buffer contained 63 mM Tris-HCl, pH 6.8, 3% sodium dodecyl sulfate (SDS), 5%,-mercaptoethanol, 10% glycerol.
DNA Cloning
To clone DMAP 190, we screened a lambda gtll cDNA expression library with mouse polyclonal antibodies (antibody S1-4 in Kellogg et al., 1989 ). The expression library was constructed from Drosophila ovarian mRNA by Steinhauer et al. (1989) and was screened as described (Huynh et al., 1985) with the following modifications. For plaque lifts, we leave the nitrocellulose filters on the plates for 4-8 h. At the end of this incubation period, the filters are lifted off of the plates and placed in a glass dish containing water that has just been brought to a boil. The filters are left in the dish for 5 min without further heating of the water and are then washed several times with water, stored in TBS, and probed with the antibody within 20 h. Treating the filters with boiling water in this way reduced the background and seemed to prolong the life of the diluted primary antibody solution that was used repeatedly to screen the library.
All antibodies used for screening the library were diluted into PBS containing 0.05% and 5% nonfat dry milk or bovine serum albumin. As the primary antibody, we used a mouse polyclonal antibody at a dilution of 1:500, and we monitored the quality of the diluted primary antibody throughout the screening procedure by using it at intervals for immunofluorescence staining of embryos. Additional primary antibody was added to refresh the original solution as needed.
As the secondary antibody, we used alkaline phosphatase-conjugated goat anti-mouse antibody (Boehringer-Mannheim, Indianapolis, IN). We screened -600 000 phage plaques and obtained five potential positive clones. One of these phage clones carried an insert that yielded three fragments when cut with EcoRl. We subcloned the smallest of these fragments (831 bp) into the EcoRl site of the vector pGEX.1 (Smith and Johnson, 1988 Construction of 
Affinity Columns
The purification of polyclonal antibodies that are specific for DMAP 190 requires affinity columns that have GST and GST/190-c bound to them (see below). To construct such columns, the GST protein and the GST/190-c fusion protein are purified by glutathione-affinity chromatography as described (Smith and Johnson, 1988) , except that the glutathione resin is washed and eluted on a column rather than batchwise. This gives a purified fusion protein that is more concentrated and largely free of contaminating proteins. From 6 g of packed Escherichia coli cells, we obtain 125 mg of GST and 45 mg of GST/ 190-c. The purified proteins are dialyzed into 50 mM HEPES, pH 7.6, 25 mM KCl and are coupled to Affigel 10 agarose at 5-10 mg protein per ml of agarose, according to the manufacturer's instructions. All antigen and antibody columns used in these experiments are stored at -20°C in PBS containing 50% (wt/vol) glycerol.
Isolation of Low-Affinity Antibodies that Recognize DMAP 190 To generate antibodies against DMAP 190, a total of 6 mg of the GST/190-c fusion protein was used to immunize three rabbits. The rabbits were bled periodically to obtain 300 ml of serum. (Harlow and Lane, 1988) . We used 15-20 g of Drosophila embryos (age 0-4 h) as the starting material for our immunoaffinity purification procedure. The embryos were harvested, dechorionated, and washed extensively with distilled water as previously described (Miller and Alberts, 1989) . They were then suspended in 6 volumes of extract buffer containing protease inhibitor stock (1:100). Phenylmethylsulfonyl fluoride was added to 1 mM, and the embryos were immediately homogenized by several passes of a motor-driven Teflon dounce homogenizer. The crude extract was centrifuged for 10 min at 10 000 rpm in a SS34 rotor (Dupont Sorvall, Wilmington, DE), followed by 60 min at 40 000 rpm in a Beckman (Fullerton, CA) 50.2Ti rotor. The supernatant was collected with a pipette, taking care to avoid the loose pellet at the bottom of the tube. We also tried to avoid collecting the floating lipid layer, although we were unable to exclude this material completely.
The clarified extract was passed through three different columns connected in series. The first column was a 15-ml column that was constructed with Sepharose CL-4B (Pharmacia, Piscataway, NJ). This column served to filter out any protein aggregates that may form in the extract during the column loading procedure. Such aggregates would otherwise be filtered out by the immunoaffinity column, producing a contaminating background of nonspecific proteins in the final eluate due to solubilization by the elution buffers. After flowing through the Sepharose CL-4B, the extract flowed through a 1-ml control IgG column and then through a 1-ml anti-DMAP 190 immunoaffinity column. The columns were loaded in series to load the maximal amount of extract onto the anti-DMAP 190 immunoaffinity column. The columns were initially loaded at a flow rate of 12 ml/ h, and a sample was taken from the first flow-through fraction that contained the same concentration of protein as the extract (this is the "flow-through" fraction in Figures 4 and 5) . The flow rate was increased to 20-30 ml/h to load the remainder of the extract, and the three columns were then disconnected from each other. The control IgG column and the immunoaffinity column were washed with 75 column volumes of column buffer containing protease inhibitors (1: 200) and 0.05% NP-40 detergent. This wash step was carried out overnight using gravity to produce a flow rate of 10-30 ml/h. All columns were run at 4°C.
Before elution, the columns were washed with several column volumes of column buffer to remove the NP-40 detergent present in the wash buffer. The columns were then eluted with column buffer containing 1.0 M KCl, followed by a buffer containing 50 mM HEPES, pH 7.6, 1.5 M MgCl2, and 10% glycerol. The elutions were carried out by pipetting 0.3-ml aliquots of the elution buffer directly onto the surface of the column bed. The 0.3-ml aliquots were then allowed to flow through the column by gravity and were collected in 1.5-ml plastic tubes containing 3 gl of 0.1 M dithiothreitol. This reducing agent was excluded from the extract and wash buffers due to concerns that it could destabilize the antibodies on the column. The column fractions were assayed for protein by the method of Bradford (1976) , using bovine gamma globulin as a standard. Small samples were removed from the peak fractions and mixed with four times gel sample buffer for analysis by SDS polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970 Mouse polydonal antibodies that specifically recognize DMAP 60 were generated by immunizing mice with polyacrylamide gel purified protein as described (Kellogg et al., 1989 (Figure 1) , and the antibodies give cell cycle-specific staining of the centrosome in a manner identical to the original mouse polyclonal serum (Figure 2 ). The staining of the centrosome is weakest during interphase and increases dramatically during mitosis, reaching maximal levels during anaphase and telophase. The affinity-purified rabbit polyclonal antibody also gives a very weak staining of the mitotic spindle and a nuclear staining during interphase in embryos older than nuclear cycle 12. For unknown reasons, the original mouse antibody does not reveal these spindle and nuclear localizations of DMAP 190. We have recently found that the gene that encodes DMAP 190 is identical to the gene that encodes the protein recognized by the Bx63 monoclonal antibody (Whitfield et al., 1988 ). This conclusion is based on a comparison of our partial sequence for the DMAP 190 cDNA clone with sequences from the Bx63 clone (Whitfield and Glover, personal communication) . The Bx63 monoclonal antibody was originally isolated in a screen for monoclonal antibodies 4 that recognize nuclear antigens in the early Drosophila embryo (Frasch et al., 1986) .
The Use of Low-Affinity Antibodies to Purify DMAP 190 and Its Associated Proteins The further characterization of DMAP 190 must address two fundamental questions: what is the function of this protein and how is it localized to the centrosome in a cell cycle-specific manner? As a first step toward addressing these questions, we wanted to purify DMAP 190 and identify proteins that interact with it. The purified DMAP 190 could be studied in vitro to determine whether it has any activities that affect microtubule dynamics, and it could be fluorescently labeled and injected back into embryos to study its behavior in vivo. Proteins that interact with DMAP 190 could be studied in a similar manner. The identification of proteins that interact with DMAP 190 is of particular importance, because most proteins function within the cell as components of multiprotein complexes, rather than as isolated proteins.
We have used an immunoaffinity chromatography approach to purify DMAP 190 and its associated proteins. For this procedure, polyclonal antibodies that recognize DMAP 190 with low affinity are isolated and used to construct an immunoaffinity column. This is done by immunizing rabbits with the GST/190-c fusion protein. The serum from these rabbits contains antibodies that recognize the GST portion of the fusion protein, as well as antibodies that recognize the DMAP 190 portion. The antibodies in the serum that recognize GST are removed by passing the serum repeatedly over a column matrix that has purified GST covalently bound to it. The antibodies that are specific for the DMAP 190 portion of the fusion protein are then isolated by passing the serum over a column containing covalently bound GST/190-c fusion protein. After washing this column extensively, the antibodies that recognize DMAP 190 with low affinity are eluted with a buffer containing 50 mm HEPES, pH 7.6, 1.4 M MgCl2, and 10% glycerol.
The high-affinity antibodies remain on the column and are eluted with 0.5% acetic acid, 0.15 M NaCl. The yield of low-and high-affinity antibodies from 300 ml of serum was 16 and 42 mg, respectively.
We construct immunoaffinity columns for the purification of DMAP 190 by covalently linking 3 mg of the low-affinity antibodies to 1.0 ml of protein A Sepharose. A control IgG column is constructed by linking 3 mg of preimmune IgG antibodies to the same column matrix (see MATERIALS AND METHODS). An SDS polyacrylamide gel analysis of the proteins contained in these fractions is shown in Figure 4A . The 1.5 M MgCl2 elution contains the DMAP 190 centrosomal protein in highly purified form, plus small amounts of a 70-kDa protein that can be ignored, because it is also retained on the control column. The 1.0 M KCl elution contains 10 major protein bands, as well as a number of minor ones. We present evidence below that these proteins are retained on the immunoaffinity column by virtue of their interactions with DMAP 190. Because the immunoaffinity column is washed with 75 column volumes of buffer before elution, these proteins must interact with DMAP 190 with high affinity to be retained. The same group of proteins is seen in the 1.0 M KCl eluate when the immunoaffinity Molecular Biology of the Cell (Gard et al., 1990; Sluder et al., 1990 Figure 5 shows a western blot in which an anti-DMAP 60 antibody has been used to follow the behavior of DMAP 60 through the immunoaffinity purification procedure. In crude extracts, the antibody specifically recognizes a group of four closely spaced bands in the 60-kDa region. These are depleted from the extract by the immunoaffinity column (compare the supernatant and the column flow-through, Figure 5 ).
Several lines of evidence argue that DMAP 60 interacts with DMAP 190 inside the cell. Antibody staining of early Drosophila embryos shows that DMAP 60 localizes to the centrosome during anaphase in a manner identical to DMAP 190 ( Figure 6 ). In addition, western blotting reveals that DMAP 60 is retained on microtubule-affinity columns, thus indicating that it is a MAP (Figure 7 ). Note that DMAP 60 behaves in an identical manner to DMAP 190 on microtubule-affinity columns, Figure 4B . The blot was probed with the mouse polyclonal serum that recognizes DMAP 60.
consistent with the two proteins existing in the same complex. Using similar methods, the two closely spaced protein bands at 82 kDa in the 1 M KCI eluate from the anti-DMAP 190 immunoaffinity column have also been
shown to bind to microtubule-affinity columns and to be associated with centrosomes and mitotic spindles in fixed embryos J. Raff and B. A. Alberts, unpublished observations). We have cloned a cDNA for DMAP 60 and have used it to produce a GST fusion protein. Using the approaches described above, we purified low-affinity an- tibodies that recognize DMAP 60. When a Drosophila embryo extract is passed over a column constructed with these antibodies, we find that DMAP 190, as well as all the major proteins in the DMAP 190 complex in Figure  4 , are retained on the column and eluted with 1.0 M KCI. These results show that the DMAP 190 complex described in this report can also be isolated with an antibody that recognizes a different protein in the complex. This data, along with a more detailed characterization of DMAP 60, will be presented elsewhere (Kellogg and Alberts, unpublished observations).
DISCUSSION
We have cloned the gene for DMAP 190, a MAP from the Drosophila embryo that is localized to the centrosome. In addition, we have used low-affinity antibody chromatography to purify both DMAP 190 and its associated proteins.
Immunoaffinity chromatography with low-affinity polyclonal antibodies should be generally useful for purifying proteins and protein complexes. This approach has a number of advantages over the conventional methods used for protein purification. Proteins that are present in very minor quantities can be purified in a single step and interacting proteins can be easily identified and purified. An advantage of this approach to immunoaffinity chromatography is that the conditions used to elute an antigen from an immunoaffinity column can be chosen in advance when purifying the low-affinity antibodies. In our experiments, we have selected 1.5 M MgCl2, pH 7.6, as an elution condition for purification of low-affinity antibodies. However, it should also be possible to purify low-affinity polyclonal antibodies using a variety of other conditions that have proven to be useful for immunoaffinity purification of native proteins using weak-binding monoclonal antibodies (e.g., with 1 M MgCl2, pH 8.0 [Chang and Bollum, 1986 ]; 3.2 M MgCl2, pH 8.0 [Chang et al., 1984] ; 5 M NaCl, pH 7.5 [Reyland and Loeb, 1987] ; 20 mM triethylamine, pH 10.8 [Simanis and Lane, 1985] ; 50% ethylene glycol, 0.5 M NaCl, pH 8.0 [Ishimi et al., 1988] ). This would allow one to alter the elution conditions, if necessary, to preserve the activity of a particular protein or to enhance its solubility. (For more general considerations regarding immunoaffinity chromatography, see Wilchek et al., 1984; Harlow and Lane, 1988) .
Our approach to low-affinity antibody chromatography requires only that the gene for the protein of interest be cloned so that coding sequences from the gene can be used to express a stable soluble fusion protein. The pGEX expression vectors developed by Smith and Johnson (1988) are particularly well suited for the expression of the fusion proteins used in such experiments. These vectors direct expression of proteins joined to the enzyme GST, which tend to be soluble and stable, perhaps because GST itself is small (26 kDa) and highly soluble. Furthermore, large amounts of these fusion proteins can be conveniently isolated in a single step by exploiting the affinity of GST for glutathione-agarose. Figure 7 . DMAP 60 is retained on a microtubule-affinity column. A western blot showing the behavior of DMAP 60 through a microtubule-affinity chromatography experiment. A polyacrylamide gel identical to the one shown in Figure 1A was transferred to nitrocellulose and probed with the mouse polyclonal antibody that recognizes DMAP 60.
fluorescently labeled tubulin subunits, the behavior of microtubules can be followed in real time (Kellogg et al., 1988) . This should allow the identification of specific defects in microtubule behavior that result from the antibody-induced disruption of a centrosomal protein function.
Once the cDNA for a new centrosomal protein has been cloned, low-affinity antibody chromatography can be used to isolate the protein individually and to identify 
